Abstract 1 This paper presents the development and implementation of a distributed model of coupled 2 water nutrient processes, based on the representative elementary watershed (REW) approach, 3 to the Upper Sangamon River Basin, a large, tile-drained agricultural basin located in central 4
Introduction 1
Water, sediment, carbon and nutrient cycles occur over a multiplicity of time and space 2 scales, and govern the dynamics and health of all ecosystems, which are of critical importance 3 to the long-term sustainability of human habitation. Fluxes of water and the variability of 4 water cycle dynamics are key drivers of coupled physical, biogeochemical, ecological and 5 human systems. For example, soil moisture storage is a result of the water cycle processes of 6 rainfall, storage, and movement, which are governed by climatic and landscape features. The 7 amount of nitrate in the soil is a result of human additions at discrete times as well as 8 continuous evolution of biogeochemical processes (transport and reaction), which depend on 9 the magnitude and dynamics of water and carbon cycle processes. Likewise, sediment 10 transport is governed by erosion, sedimentation and re-entrainment processes that are linked 11 to water flow pathways and human activities. Biogeochemical processing and reprocessing 12 occurs as the flow moves along a gradient in the intensity of land use, from urbanized and 13 agricultural lands that are adjacent to a stream bank, through various levels of riparian 14 vegetation and grassy waterways that separate streams from managed landscapes, and to well 15 developed bottomland forest or areas of prairie grasses along tributary streams (David et al., 16 1997; Rhoads and Herricks, 1996) . 17 The interactions and feedbacks between these subsystems that occur at all scales, however, 18 are poorly understood, inadequately observed, and extremely complex. The gaps in our 19 knowledge and understanding of these interacting processes limit our ability to make robust 20 predictions and provide a solid basis for sustainable watershed management. Understanding 21 the interactions between various water and biogeochemical processes is also important in the 22 wider context of climate change and human induced land use and land cover changes, with 23
suggestions that the hydrological cycle may be accelerating as a result. A coupled modeling 24 framework of these subsystems may open new opportunities for studying interacting 1 hydrological and biogeochemical processes, contributing significantly towards improved 2 predictive capability. The move towards such a coupled modeling framework is also 3 motivated by the fact that many of the interacting natural processes cannot be observed 4 directly -instead we are only able to observe spatial and temporal patterns of signatures 5 arising from the process interactions. A pattern dynamical approach that is focused on the 6 identification of internal process interactions on the basis of spatio-temporal patterns of 7 outcomes is an emerging paradigm towards making robust predictions. Such an approach has 8 to be facilitated by a combination of data mining and modeling analysis. The current 9 modeling work is a first step in this direction. 10 The work on this paper has been especially motivated by the combination of biophysical (e.g. 11 a plentiful supply of summer rains, and fertile, deep glacial till soils) and social factors (e.g. 12 intensive agricultural advisory services, land use and conservation strategies, and advanced 13 precision-agriculture technologies) that have made the U.S Mid-West the Nation's 14 breadbasket, albeit with considerable local and remote environmental impacts, such as 15
contributing to eutrophication problems in the Gulf of Mexico. Despite the importance of this 16 region both in terms of agricultural productivity and as a contributor to the environmental 17 problems faced by the Nation, there are still critical knowledge gaps about the complex 18 interactions among the various interacting processes that contribute to local and regional 19 water quality impacts. 20 The foundation of this coupled hydrological and biogeochemical process model is the 21 distributed watershed model, THREW, based on the representative elementary watershed 22 (REW) approach pioneered by Reggiani et al. (1998 Reggiani et al. ( , 1999 Reggiani et al. ( , 2000 . In this study we have 23 extended THREW to include the effects of tile drains, which is major human modification to 24 this agricultural landscape. Upon testing the water flow model, THREW is then extended 1 further to include modules for the interactions between water flow processes and processes 2 associated with the generation of both sediments and nutrients (N and P), which are taken 3 from previously published work (Viney and Sivapalan, 1999; Viney et al., 2000) . The 4 combined model is then applied to Upper Sangamon River Basin (USRB), a 3600 km 2 tile-5 drained agricultural catchment located in south-central Illinois, and calibrated on the basis of 6 all available water quality data, including regional summaries. The model is then used to 7 generate insights into the process interactions underlying the observed and model-generated 8 spatio-temporal patterns. 9
The paper is organized as follows: Section 2 describes the distributed computational 10 framework of coupled hydrological and biogeochemical processes at the catchment scale. 11
Section 3 provides the background information on the case study area and data sources. 12 Section 4 lays out the model application results for the water and nutrient modeling, followed 13
by discussion on the hydrological and biogeochemical process interactions. Section 5 closes 14 with the summary. concept. Pioneered by Reggiani et al. (1998 Reggiani et al. ( , 1999 Reggiani et al. ( , 2000 , the REW approach is essentially a 20 thermodynamically consistent framework to derive balance equations directly at the meso-21 scale for distributed hydrological modeling. The REW in THREW is the smallest resolvable 22 spatial unit of a meso-scale basin which has an explicit spatial boundary, and is the 23 fundamental building block of the model. As shown in Figure 1 , a river basin can be 24
where it exists, is usually a very important source of streamflow (Algoazany et al., 2007; 1 Goswami, 2006 ). It is thus necessary to incorporate the process of tile drainage for successful 2 prediction in these agricultural basins. 3
Tile drainage is an artificial way to remove excess surface and subsurface water from the 4 water-logging land to enable crop growth (Ritzema, 1994) . In the mid-west of U.S., tile drains 5 have been laid out under swamps and wetlands to deplete the soil water in the saturated zone, 6
and to maintain the water table to an acceptable level to facilitate agricultural production. 7
There have been numerous studies on tile drainage, and various modeling approaches have 8 been proposed such as the classical Hooghoudt equation (Hooghoudt, 1940) , Kirkham 9 equation (Kirkham, 1958) , Ernst equation (Ernst, 1956 ). Most of these drainage equations are 10 derived based on the Dupuit-Forchheimer assumptions. However, these equations require the 11 exact locations of the tile drains, which are not often available and, moreover, how their 12 effects up-scale to the watershed or REW scale is also not well quantified. Therefore, in this 13
paper we opt for a conceptual description of their drainage effects, in combination of REW-14 scale effective parameters. In fact, the efficiency of tile drains is governed by the subsurface 15 water storage, i.e., the higher the water table is, the faster the saturated soil water is depleted 16 through the tile drains. It is thus not unreasonable to adopt a simple storage-discharge relation 17 to describe the integrated response of all tile drains present at the REW scale. In this work, we 18 adopt the following conceptual relationship to characterize drainage through tile drains at 19 α is a dimensionless constant which is mainly a function of the hydraulic properties of the 4 tile drain network. β is an exponent parameter subject to the spatial layout of tile drain 5 system. Equation 1 applies when the focus is on the integrated tile drainage response at large 6 scale, and the detailed information about the tile drain system is not available or is 7 incomplete. 8
Coupled model of water, sediment and nutrients 9
The component models for suspended sediments, nitrogen and phosphorus are mostly taken 10 from Viney and Sivapalan (1999) and Viney et al. (2000) with some minor modifications, and 11 only brief summaries are presented here. Note that the processes governing suspended 12 sediments, nitrogen and phosphorus are described at the sub-watershed scale, which makes 13 them consistent with the scale at which hydrological processes are described within THREW. 14 As shown in Figure 2 , the storages and exchange fluxes of sediments and nutrients are 15 simulated for each of the sub-regions within a REW, and thus inevitably coupled to the water 16 flow part. Direct interactions between the landscape and atmosphere (e.g., precipitation, 17 fixation of nitrogen by plants, and the volatilization of ammonia) and between the basin and 18
humans (e.g., fertilization and crop harvest) are associated with the v-zone and the b-zone. 19 The vertical movement of nitrogen is coupled with the water movement in the unsaturated 20 zone (u1-zone and u2-zone) and the saturated zone (s-zone). The lateral loading of sediments, 21 phosphorus and nitrogen is triggered by surface and subsurface runoff generation and 22 subsequent delivery to river reaches. For instance, the initiation (soil erosion) and routing of 23 suspended sediments on hillslopes are driven by the generation and routing of surface runoff. 24 load exceeds its carrying capacity, some sediment is deposited to the streambed and is 12 available for subsequent re-entrainment. If the load is unable to satisfy capacity then sediment 13 is re-entrained (subject to availability) or eroded from the stream-bank. Sediment in 14 suspension within a REW is subject to a delivery ratio governed by the settling rate for 15 sediment particles. Another pool of phosphorus is biological phosphorus. The key components of the phosphorus 3 model are described below. For better understanding of these components and fluxes, Figure  4 2 and Figure 6 could also be referred to, although the main purpose of Figure 6 is to show the 5 mass balance of phosphorous and thus presented later. 6 (i) Phosphorus from rainfall 7
Precipitation of inorganic phosphorus is assumed to occur at a specified concentration that, 8 for simplicity, is assumed to be constant in time and space. As the surface runoff interacts 9 with the underlying soil, it entrains an amount of soil inorganic phosphorus. The resulting 10 entrained phosphorus augments the concentration of phosphorus already being carried by the 11 surface flow. 12
(ii) Phosphorus from fertilizer 13
The rate and timing of fertilizer application is determined by many factors, such as climate 14 conditions, crop plantation, and soil properties and so on. The phosphorus from fertilizer, 15 organic and inorganic, is assumed to contribute to the storage of the top soil layer. 16
(iii) Leaching of phosphorus 17
Leaching of dissolvable phosphorus to deeper levels in the unsaturated zone and ultimately to 18 the deep groundwater is neglected by the model because phosphorus anions are much more 19 affiliated to soil particles rather than water molecules. While it is not doubted that phosphorus 20 leaching can lead to significant groundwater pollution according to some standards, its effect 21 on streamflow discharges is considered negligible since the primary sources of phosphorus 22 discharge involve surface and near-surface processes. 23
The processes of leaf fall, crop residue accumulation and litter decay are captured by the 2 single term "residue decay". For a crop, a fixed proportion of the biomass phosphorus is 3 assumed to contribute to residue decay after harvesting, and the rate is given by 4 a forested field, the rate of residue decay is assumed to be the same as the rate of plant uptake. 11
The rest of the biomass phosphorus is harvested and exported out, mainly in the form of grain. 12
(v) Plant uptake 13
Plant uptake rate of phosphorus is assumed to depend on the rate of canopy biomass 14 accumulation and therefore varies seasonally. This uptake is extracted from the dissolvable 15 (i.e., labile) phosphorus stores provided that there is sufficient supply, and the rate is given by 16
Plant uptake transfers soluble inorganic P to biomass P. In Equation (3) inclusion of an extra flux, nitrification, to account for nitrogen cycling between these two 22 forms. Secondly, unlike phosphorus, nitrogen undergoes gaseous exchange with the 23 atmosphere, and this exchange has to be modeled explicitly through the processes of 24
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Deleted: assumed conservative, i.e., ammonium volatilization, denitrification and nitrogen fixation. Furthermore, as NO 3 -N is 1 highly dissolvable, its leaching to deeper levels in the soil profile is a significant loss 2 mechanism, and an explicit modeling of that process is included. For better understanding of 3 these components and fluxes, Figure 2 and 7 could also be referred, although the main 4 purpose of Figure 7 is to present the mass balance of nitrogen. 5 (i) Atmospheric N fixation 6 Plant fixation converts atmospheric N (mainly N 2 ) into ammonia, which is directly utilized by 7 numerous prokaryotes in the soil. Therefore it delivers nitrogen from the atmosphere to the 8 ammonium pool, not to the biomass nitrogen store. The plant fixation rate is modeled as a 9 function of vegetation status. 10
(ii) Nitrification and volatilization 13 Nitrification transfers ammonium to nitrate when the soil temperature is higher than a certain 14 value, and the rate is given by 15 The hillslope denitrification process is microbially mediated and occurs primarily in anoxic 1 conditions. In the model, this process is assumed to occur as a fixed proportion of the NO 3 The present modeling study was carried out on the Upper Sangamon River Basin (USRB) in 2 central Illinois, which is representative of the processes and problems associated with 3 agricultural landscapes in the Mid-West region. USRB, with a drainage area of 3,600km 2 , is 4 an agricultural basin with intensive row-crop production. Soil in this basin is dominated by 5 poorly drained silt clay loams and silt loams, and very fertile due to high organic content 6 (Demissie and Keefer, 1996) . The topography is very flat, with the average slope of the main 7 channel as 0.00049. According to Demissie and Keefer (1996) , 2007) . In most of the areas corn and soybean are planted in rotation. We assume for 2 simplicity that, in each year, 50% of the field area is corn and another 50% is soybean. The 3 harvest of both corn and soybean is assumed to occur in mid-September. 4
4 Results and discussion 5
Model application 6
As shown in Figure 3 , for the implementation of the coupled model, the whole USRB area has 7 been divided into 51 REWs (3600km 2 ). In this work, nonetheless, the analysis is only focused 8 on the area upstream of Monticello station (1400km 2 ), which consists of 19 REWs. The 9 coupled model has been run using an hourly time step. The objective is to characterize water 10 and nutrient balances and their process controls, and to gain an understanding of the 11 interactions between hydrological and biogeochemical processes in agricultural landscapes in 12 the U.S. Mid-West. 13 We divide the whole study period into two parts: a warm-up period Monticello. Effluent from the local sewer system and wastewater treatment plants is 24 discharged into the Sangamon River, which introduces non-negligible amounts of nutrients 1 into the river, especially phosphorus. Dissolved phosphorus from effluent discharge, in the 2 form of point-source pollution could make a significant contribution to the in-stream 3 concentrations of phosphorus in the summer and fall seasons. The amount of nitrogen such as 4 nitrate from effluent discharge is rather small comparing to the other sources contributing to 5 the channel, so its impacts on the nitrate concentration is insignificant. Nevertheless, nutrients 6 inputs through effluent discharges are not included in the current version of the model 7
Figure 6 8
Figure 7 9
As mentioned before, model calibration involved not only comparisons of model predicted 10 against observed time series within the USRB, but also checks of broad measures of water 11 and nutrient balances (regional space scale and annual time scale) against published estimates 12 from Illinois region, to ensure that model predictions are consistent. Tables 1 and 2 
Multi-scale interactions between water and nutrient cycling processes 16
In spite of the average water and nutrient balances presented in Figures 6 and 7 , there is 17 considerable temporal (and spatial) variability in the nutrient mass balances, which are 18 intimately related to climatic and hence hydrological variability at multiple time scales. The 19 coupled model predictions are next used to throw light on these interactions, and the resulting 20 temporal patterns. 21 Figure 8 shows the relationship between the annual runoff and annual mass balance of 23 nitrogen and phosphorus at the basin scale. Annual runoff depth is a hydrological indicator 24 and is itself a result of the interactions between variability in climatic forcing and landscape 1 properties. Roughly, the wetter the climate (due to more precipitation or less evaporative 2 energy) is, the larger the annual runoff depth. Therefore the annual runoff depth can be 3 regarded as a a first order indicator of the inter-annual variability of wet/dry conditions, 4 recognizing that some of the inter-annual variability of runoff could be caused by variability 5 in intra-annual variability of climate forcing. In Figure 8 , annual balance of nitrogen and 6 phosphorus is expressed in terms of total annual mass brought into the basin, total annual 7 mass exported out of the basin, and annual storage change within the basin. The results 8 presented in Figure 8 show that total nitrogen inputs, dominated by fertilizer and plant 9 fixation, do not show a significant relationship with annual runoff. Although annual 10 precipitation clearly impacts annual runoff, the concentration of nitrogen in the precipitation 11 is small, so the annual mass of deposition through precipitation is negligible compared to the 12 corresponding amounts of fertilizer application and plant fixation. Fertilizer application is 13 human related, and is assumed constant in this study. Plant fixation is a function of nutrient 14 storage and the growing status of the crops, and does lead to significant inter-annual 15 variability of the annual nitrogen inputs. But this inter-annual variability of nitrogen inputs is 16 much less than that of nitrogen outputs, and for environmental reasons, our focus is thus on 17 the latter. Total nitrogen output, including river loading (export) of nitrogen, field 18 denitrification and volatilization, in-stream denitrification and grain export (through harvest), 19 show an increasing trend with annual runoff depth. Correspondingly, this contributes to a 20 systematic decrease of nitrogen storage with increase of annual runoff depth, from a positive 21 change (storage supplement) during dry years to a negative change (storage depletion) during 22 wet years. Inter-annual variability of phosphorous mass balance, on the other hand, is similar 23 to that of nitrogen, but the variations of the output, and thus the storage, are much smaller 24 compared with the magnitude of annual phosphorous input (i.e., compare the units of the 1 vertical axes in Figure 8 ). 2
Figure 8 22
Figure 9 3
In order to gain more insights into predicted behavior between the annual nitrogen output and 4 annual runoff depth, and the mediating role of nitrogen storage/depletion, the annual 5 variations of various components of the nitrogen output are plotted against annual runoff 6 depth, as shown in Figure 9 . Firstly, the results show that in the case of both N and P, grain 7 export is the largest component of the annual export (as was already pointed out in Figures 6  8   and 7) . The model results in Figure 9 show that in the case of N, grain export is slightly 9 decreasing with annual runoff, whereas non-grain export increases significantly with annual 10 runoff. In the case of P the changes with annual runoff depth are quite small and negligible. 11
Note that grain export is a significant portion of annual accumulated biomass gain (from plant 12 uptake), and plant uptake itself is subject to many factors such as soil moisture, soil 13 temperature, crop growing status and nitrogen storage in the soil. 14 The bottom panel of Figure 9 presents the breakdown of the non-grain part of the nutrient 15 export into its various components. In the case of N, the biggest component is riverine 16 dissolved export, which increases strongly with increase of annual runoff. The other three 17 major components, i.e., field denitrification &volatilization, riverine denitrification and 18 particulate riverine export are smaller, relative to the riverine dissolved export, but also appear 19 not to be dependent on annual runoff. One can therefore see the connection between the 20 increased dissolved nitrate export and depletion of nitrate storage during wet years, and 21 decreased nitrate export and accumulation of nitrate storage in dry years. The net result of this 22
is that average annual concentrations of dissolved nitrate in rivers in this region can remain 23 constant between years, a type of chemostatic behavior that is being widely reported (Darracq 24 et al., 2008; Godsey et al., 2009; Basu et al., 2010) . On the other hand, while the results for P 1 show a strong dependence on annual runoff, the magnitudes are so low that one cannot draw 2 definitive conclusions. 3
Figure 10 4
The interaction between hydrological and biochemical processes is manifested not only in the 5 inter-annual variability, but also in the intra-annual variability. For example, Figure 10 shows 6 the monthly variation of nitrogen storage and streamflow. Nitrogen storage variation is 7 subject to both the input and output. The input components of nitrogen include: a) fertilizer, 8 which is applied twice a year, in March and November; b) plant fixation, which is a function 9 of crop growth status and peaks in July and August when the crop is flourishing most; and c) 10 precipitation deposition (which is minor). The output components of nitrogen consist of: a) 11 grain export which is assumed to occur once a year in late Fall; b) nitrate load through river 12 network, which peaks in May and June; c) field denitrification and volatilization which 13 mainly occur during the non-winter period when the temperature is above a certain threshold; 14 d) in-stream denitrification and particulate nitrogen load (which are minor). From Figure 10  15 one can see that the nitrogen storage peaks twice a year due to fertilizer application, and is 16 depleted significantly in the month of September due to harvesting and during winter and 17 spring when the highest amount runoff is produced. Among the output components, 18 harvesting and riverine export are relatively significant and play an important role in the 19 depletion of nitrogen storage. For phosphorus, the inputs are dominated by fertilizer 20 application, and the outputs are almost completely dominated by grain export. Riverine export 21 of DP and PP do not appear to have any significant impact on phosphorus storage variations. 22
Figure 11 23
Further insights into the role of the interactions between hydrological and biochemical 1 processes on nutrient export, as shown in Figures 9 and 10 , can be gained by exploring the 2 relative effects or contributions of different runoff generation components. Figure 11 shows 3 the breakdown of three components of runoff generation within USRB watershed, and the 4 fractions of NO3-N lateral loading (from the hillslope into the channel) carried by these 5 different runoff components. Figure 11a shows that tile drainage is the most important runoff 6 component right through the year, and takes up about 80% of the annual runoff generated 7 within USRB. This is consistent with the field observations in neighboring regions with 8 similarly intensive tile drain systems and similar soils and topography (Algoazany et al., 
Figure 12 17
Once the nutrients are delivered to the nearest river reach, they are then transported down the 18 stream network. Figure 12 shows the riverine export of nitrogen, showing the dissolved 19 component is the dominant component, whereas riverine export of particulate nitrogen (the 20 part carried by the suspended sediment) is rather small, since it is carried mainly by the 21 Dunne overland flow (which is small). Note that the seasonal variation of riverine export of 22 NO3-N is in phase with the seasonality of streamflow (especially tile drain flows). 23
Figure 13 24
The riverine flux of NO3-N, before being exported out of the basin, is subject to in-stream 1 denitrification, which is usually considered a significant loss (Alexander et Howarth et al., 1996) . In USRB, the obvious decrease of NO3-N concentration 3 from Big Ditch (upstream) to Monticello (downstream), as shown in Figure 5 , is an indicator 4 of this process. Our model study shows that, without incorporation of in-stream denitrification 5 process this decrease of NO3-N from upstream to downstream cannot be reproduced. The rate 6 of in-stream denitrification is controlled by many hydrological and biogeochemical factors, 7 such as channel water depth, channel flow velocity and nitrate concentration. Nitrate 8 concentration affects in-stream denitrification by the way of uptake velocity, i.e., uptake 9 velocity decreases with the increase of nitrate concentration (Mulholland et al., 2008) . In our 10 model constant uptake velocity is assumed, so the effect of nitrate concentration is not 11 incorporated explicitly. We thus focus on the impacts of channel discharge on in-stream 12 denitrification of NO3-N, as shown in Figure 13 . According to Eqns. (9) - (11), the rate of in-13 stream denitrification increases with the channel length and decreases with the channel water 14 depth and flow velocity. area contributing runoff, is much lower than that in downstream channels, which have large 1 drainage areas contributing runoff into them. Channel water depth is also tightly related to 2 flow velocity, i.e., usually the latter increases with the former giving fixed channel geometry. 3
Therefore the in-stream denitrification efficiency is significantly higher in the channel near 4
Big Ditch than those near Shively and Monticello. Channel length is another factor affecting 5 in-stream denitrification efficiency. The local channel length corresponding to Big Ditch is 6 18.3km, to Shively is 38.4km and to Monticello is 11.4km (estimated from DEM). In general, 7 the longer the channel length, the longer the residence time of nitrate within the channel and 8 therefore the higher the in-stream denitrification efficiency. In this case, however, the impact 9 of channel length is apparently smaller than that of channel water depth in controlling the 10 spatial variability of in-stream denitrification efficiency. 11
Summary and conclusions 12
In this paper we have explored the coupled water and nutrient balances in a large tile-drained Deleted: is application is removed through grain harvest, and only a small fraction (less than 2%) is 1 exported with runoff either in dissolved or particulate form. In the case of N, however, 2 nitrogen fixation by plants represents 40% of the total annual inputs to the catchment (fixation 3 + fertilization), of which slightly over 20% is exported with runoff mostly in dissolved form, 4 predominantly by tile drain flow. The remainder is removed through grain harvest. 5
The coupled model was also used to gain insights into the interactions between hydrological 6 and biogeochemical processes, and the role of climate and consequent hydrologic variability 7 on nutrient export processes. The results showed that there is a very dependence on the 8 strength of annual runoff and the annual export of nutrients, especially dissolved nitrate 9 component. Assuming that nutrients inputs through fertilizer application is constant between 10 years, and the observation that removal by grain harvest decreases only slightly with increase 11 annual runoff, it is found that relatively dry years are characterized by nutrient accumulation 12 in soil and relatively wet years are characterized by nutrient removal from soil storage. and denitrification processes within the river network, including a more accurate 6 representation of channel hydraulic geometry. Continuous measurements of nutrient 7 concentrations in tile drains, river reaches at a range of scales and in the hillslopes are needed 8 to improve process descriptions in the model and to validate the model predictions. This is left 9 for future research. 10
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